ABSTRACT. Human Bifidobacterium sp strain bifidum (B. bifidum) was administered to BALB/c lactating mice (n = 58) and their litters (n = 327 pups) to evaluate the ingested strain's adherent properties and ability to inhibit murine rotavirus (MRV) infection. ELISA and anaerobic bacteriologic techniques were used to measure MRV shedding and colonization of Bifidobacterium in the small intestine. The biologic mechanisms underlying the interactions between the normal microbial flora and infectious challenge by enteric pathogens remain poorly understood. A number of virulence
factors (crypt cell proliferation, cellular invasion, mucosal atrophy, enterotoxins, and cytotoxins) are all mechanisms by which enteropathogens cause diarrheal disease (1). Studies in our laboratories (2) and elsewhere (3, 4) have focused on the potential benefit of commensal bacteria used as nutritional supplements to restore impaired bowel mucosal integrity and function in acute and persistent diarrhea states.
Both breast-fed and bottle-fed neonates receive generous amounts of gram-positive anaerobes during vaginal delivery (5) . Putative antimicrobial components in human milk (glycolipids, glycoproteins, and oligosaccharides), and related milk factors (human milk acidic mucin complex) are thought to proliferate growth of the gram-positive Bifidobacterium biJidum variant sp pennsylvanicus in the gut of newborns fed breast milk (6, 7) . Previously, we reported that clinical symptoms and duration of rotavirus gastroenteritis were significantly reduced in breast-fed infants, who demonstrated detectable levels of indigenous strains of this gram-positive anaerobe in feces at the time of infection (2) . Recently, human milk mucin was shown to inhibit rotavirus replication in experimental gastroenteritis (7) .
We hypothesized from our preliminary studies of ingested B.
bifidum in human volunteers and animals (8) that the acidifying action and adherent properties by Bifidobacterium spp may be a possible mechanism by which the anaerobe alters viral replication or interferes with attachment of virus to intestinal epithelial cells. Another possible mechanism is supported by recent animal studies suggesting that the organism may also possess immunostimulating properties that mediate infectious challenge or prevent reinfection. Yamazaki et al. (9) found that germfree mice monoassociated with Bifidobacterium longurn after a 4-wk period did not allow translocation of enteric pathogens to the internal organs. The augmentation of the humoral immune response after digestion of Bifidobacteria cell walls in guinea pigs has also been demonstrated (10) . The objectives of the present randomized blinded experiment were to examine whether oral administration of an ingested B. bifidum strain altered viral shedding in the small intestine and modified the clinical course of MRV diarrhea in BALB/c suckling mice.
MATERIALS AND METHODS
Study Design. Pregnant dams ( 1 3-16 d gestation) were obtained commercially (Charles River Laboratories, Portage, MI). Baseline fecal cultures tested negative for Bifidobacterium spp, and serologic tests were negative for anti-B. bifidum and anti-MRV specific antibody. For the series of experiments performed, 69 1 327 BALB/c pups in an average litter size of six pups were bred in our laboratories from the original stock. Pregnant dams (n = 58) and their litters were randomly assigned to four experimental groups: 1 ) normal controls; 2) B. bifidum-treated only; 3) pups infected with MRV alone; and 4) B. bl'jidum-treated + MRVinfected pups. All animal experiments were performed in accordance with the Department of Health and Human Services guidelines for the humane care and use of laboratory animals and approved by the SUNY Animal Care Committee.
Specimen Collection and Processing. As summarized in the experimental design shown in Table 1 . B. bifidum-treated pups (groups 2 and 4) were orally administered B. bfidum suspended in sterile saline (3 x 10' colony-forming units/mL) (American Type Culture Collection, Rockville, MD) 24 h after birth through d 28 after delivery. Animals in the noninfected groups were administered B. bifidum (group 2) or sterile saline (group 1). Pups in the MRV-infected groups (groups 3 and 4) were inoculated on d 5 with the mouse MRV strain EDIM 5099, a group A mouse rotavirus (median infective dose 2 x 107/mL) (20 infectious doses in 10 mL). Because of the high infectivity of MRV in BALB/c mice, noninfected litters were kept in a separate room of the animal facility; none of the control mice experienced diarrhea.
Fecal specimens were collected twice weekly for all litters. Animal attendants observed a standardized protocol characterizing daily changes in clinical symptoms (dehydration, denuding, and lethargy), color and consistency of stools (watery, loose, and solid), and physical condition of the animals. Because diarrhea onset and resolution were variable for individual pups but did not represent independent observations, analysis was performed on litters. Hence, start of diarrhea for a litter was determined by the midpoint for individual pups in the litter. For the purpose of this analysis, time to onset of symptoms for a litter was defined as number of days postinoculation to the midpoint of start of diarrhea symptoms for individual pups in the litter. Similarly, time to recovery for a litter was defined as the duration of diarrhea symptoms (i.e. the time between the onset of diarrhea and midpoint of resolution for individual pups in the litter).
MRV disease in BALB/c suckling mice resembles the acute, self-limiting infection experienced in human infants and is a useful model for examining mucosal disease in the small intestine ( 1 1, 12). D 0, 7, 10, 14, and 2 1 were considered appropriate time points to examine clinical effects in the present experimental model. Individual pups from each experimental group (on average five to seven were randomly killed at the selected time points after MRV infection. Dams were prebled; serum and fecal specimens were collected before delivery and at d 0, 7, 10, 14, and 21 postinoculation for all litters. Additional experiments were performed on randomly selected (methoxyflurane) anaesthetized pups on d 2 through 10 postinoculation to examine MRV shedding in the small intestine. Pups were weighed at death; bowel distention and intraluminal contents from anesthetized mice were noted before extraction of Peyer's patches and intestinal tissue for microbiologic and immunologic assays. Cardiac or arterial blood was collected from anaesthetized animals. Blood was centrifuged, and serum aliquots were stored at -20°C. For experiments involving local intestinal tissue, the duodenum to distal ileum was removed. Assays were performed on Peyer's patches and minced, small-intestine tissue.
Laboratory Procedures. Isolation of anaerobes. Fecal and intestinal specimens were cultured anaerobically with fresh reduced, selective (BiJidobacterium spp) (13) and nonselective media (sheep blood agar). For these experiments, intestinal tissue from proximal duodenum to distal ileum including the ilealcecal junction was extracted. Tissue was placed in sterile saline (1 mL), minced, and subsequently cultured under anaerobic conditions. Fecal specimens were suspended in 0.1-mL sterile saline, vortexed, and cultured with a calibrated loop (0.00 1 mL).
Isolates confirmed to be gram-positive anaerobes were identified by gram stain (14) and rapid biochemical tests (ANA I1 System, Innovative Diagnostic Systems, Inc., Norcross, GA). For the full range of experiments, gas-liquid chromatography and the fructose-6-phosphate phosphoketalase enzyme test were used for speciation of Bifidobacterium. Sensitivity and specificity confirmatory testing was carried out in a blinded manner. The bacteriologic techniques developed are described in fuller detail in an earlier report (8) .
Defection of MR V virus-speciJic IgG in serum. MRV-specific IgG antibody levels in serum were determined with a modified ELISA. Briefly, plates were coated overnight with MRV and with MA104 as control cells ( 1 pg protein/mL). After plates were incubated ( 1 h) with mouse serum to be tested, goat antimouse IgG horseradish peroxidase was added. The wells were extensively washed (three to four times) between incubations. 0-phenylenediamine solution was then added as the substrate. The reaction was terminated with the addition of IN H2S04, and the optical densities were read at 492 nm with an enzyme immunoassay plate reader (Bio-Tek Instruments Inc.. Burlington, VT).
Detection of rotavirus antigen. Intestinal tissue (proximal duodenum to distal ileum) extracted for detection of MRV replication was placed in sterile PBS (pH 7.4) in a ratio of 2 mL PBS/ g of tissue. Tissue was minced, flash frozen, and stored at -70°C. An adaptation of the double antibody sandwich ELISA method as described by Voller el al. (15) was used. In brief, rabbit antibody to human rotavirus was coated onto microtiter plates and incubated for 48 h. Serum test samples were added and incubated for 2 h at 37°C. After plates were washed, hyperimmune guinea pig antibody to MRV was added, and plates were incubated for 1 h at 37°C. The plates were washed again, horseradish peroxidase-conjugated rabbit antibody to guinea pig IgG was added, and plates were again incubated. O-phenylenediamine was used as the enzyme substrate. The reaction was terminated by the addition of 1N H2S04, and absorbance was measured at 492 nm with an enzyme immunoassay reader.
Enzyme-linked immunospot assay. The number of total IgAsecreting cells and MRV-specific IgA-secreting cells were determined by the solid-phase enzyme-linked immunospot method as described previously (16) . In brief, Peyer's patch spleen and peripheral blood lymphocytes from the small intestine were extracted and harvested from B. biJidum-treated and nontreated MRV-infected animals at d 7, 14, and 21 d postinoculation. Spleens were minced and forced through a sterile steel mesh. The peripheral blood was heparinized and diluted 1: 1 with cold Hanks' balanced salt solution. The heparinized peripheral blood and spleen was placed over Ficoll (Histopaque 1083, Sigma, St. Louis, MO) in their respective dilutions and centrifuged to separate lymphocytes. The lymphocytes were washed 3 x in 5% FCS RPMI. After washing, red blood cells were lysed with ammonium chloride and then washed two more times. The lymphocyte pellets were resuspended in I mL of 5% FCS RPMI and quantitated on a hematocytometer.
Flat-bottomed 96-well microtiter plates were coated with rabbit antimouse IgA (for total IgA-secreting cells) and purified EDIM (for specific IgA-secreting cells) and stored overnight at 4°C. Plates were washed with PBS (pH 7.4) and blocked with 5% FCS RPMI in a 37°C COz incubator. Cell suspensions were placed in appropriate wells and incubated at 37°C for 3 h. Plates were washed again with PBS and PBS-Tween 20 (0.05%). Goat antimouse IgA horseradish peroxidase was then used as the conjugate and was added to the well and incubated overnight at 4°C. Plates were extensively washed (three to four times) between incubations. Amino-9-ethylcarbazole and N-dimethylformamide was used as the substrate for visualization of the spots. An immune response was defined as more than 0.5 specific IgAsecreting cells/ lo6 cells.
Isolation of lymphocyte populations. Peyer's patches were prepared after a modified method developed by Frangakis et al. (17) . Briefly, pooled patches were placed in warm RPMI 1640 media containing 100 IU/mL collagenase IV and mixed endover-end at 37°C for I h. Partially digested patches were gently teased apart and mixed at 37'C for an additional 1 h. The cell suspension was passed through a 20-rrn filter to remove large clumps and debris. Cells were washed two times in PBS and counted. Comparison of clinical progression and recovery rates for the two MRV-infected groups was based on litters with the use of a cumulative survival regression model (18) . Litters at the time when all pups were killed were considered as censored data. Shedding of MRV in the small intestine (d 2 to 10 postinoculation) between the two MRV-infected groups was analyzed by repeated measures analysis of variance (19) . All analyses were based on two-tailed tests.
RESULTS
Clinical Outcome. Altogether, 58 litters comprised the four experimental groups in the study, with 5.7 pups (on the average) per litter. Because litters were randomized to treatment group before delivery, weight and litter size were examined as potential covariables before further analyses were performed. The weight of pups at time of death differed significantly between noninfected litters (groups 1 and 2) and MRV-infected litters (groups 3 and 4) ( p < 0.001) ( Table 2 ). Denuding and weight loss in MRV-infected litters were similar to those reported in naturally acquired infection. Figure 2 . The resolution of illness was less predictable than was observed for diarrhea onset. The two recovery curves were similar, with estimated median time to resolution for both groups being 7 d (mean, 6.9 d). Notably, diarrhea recovery began earlier in B. bifidum-treated + MRV-infected pups compared with litters challenged with MRV only, but duration of clinical illness from onset of symptoms was similar for both infected groups.
Adherence of B. bifidum Strains. As shown in Table 3 , fecal and intestinal cultures from mice were examined for presence of B. bifidum-ingested strains. Of B. blfidum-treated litters tested (groups 2 and 4) during the acute phase of diarrhea, 1 l of 45 (24% sensitivity) fecal specimens were culture positive for B. bijidum. However, when minced small-intestine tissue was cultured, B. bifidum was isolated from eight of 10 (80% sensitivity) specimens. The B. biJidum-ingested strain was isolated from fecal and intestinal cultures in both B. bifidum-treated groups; quantitation was highest in B. bifidzim control animals. Closer examination of tissue cross sections under light microscopy and electron microscopy ( Fig. 3) confirmed that the B. bifidumingested strain survived transit through the upper gastrointestinal tract, colonized, and adhered to the mucosal epithelium of the small intestine. The B. bifidttm-ingested strain was not isolated from fecal specimens or the intestinal mince from the nontreated litters (100% specificity for groups 1 and 3).
Virus Shedding. In a separate set of experiments, we examined whether the ingested B. bifidztm strain, which was shown by electron microscopy to adhere to gut mucosa and was associated with delayed clinical onset of MRV diarrhea, may have interfered with shedding of virus. MRV shedding in the small intestine of individual pups in MRV-infected litters was measured daily for d 2-10 postinoculation. The number of pups tested ranged from three to seven for each of the two MRV-infected groups (groups 3 and 4) for each day of the experiment. As shown in Figure 4 , when differences in MRV shedding at d 2-10 postinoculation were tested by an analysis of variance with repeated measures, a significant B. bijidum treatment effect ( p c 0.009) and effect of treatment by day postinoculation ( p < 0.0001) was evident. No interactive effect between treatment and day was found. In contrast, elevated MRV-IgG serum antibody titers correlated well in MRV-infected dams and their respective litters, but no difference in systemic response to MRV was noted between the two groups of infected mice.
To examine the possibility that immune mechanisms might be involved in the reduction of MRV shedding observed, we used the enzyme-linked immunospot assay and additional immunophenotypic techniques to measure the gut immune response in Ig-secreting Peyer's patch cells. The number of total IgA antibody secreting cells in B. bifidum-treated mice was greater than for the nontreated MRV-infected group at d 7 postinoculation (data not shown), but the difference was not statistically significant. Similar results were found for the number of anti-rotavirus IgA antibody secreting cells in the B. bijidumtreated groups compared with mice challenged with MRV only.
With the use of flow cytometric techniques, increased but nonsignificant IgA and IgG antibody responses were found in iments must be interpreted cautiously, but the potential adjuvant properties of B. bifidltm against MRV antigen warrant closer examination.
DISCUSSION
The results of the present study indicate that B. bifidum therapy is effective in altering the clinical course of experimental gastroenteritis. Of particular relevance, throughout the days postinfection reported for these experiments, the B. bifidum + MRVinfected group consistently demonstrated MRV antigen levels below those shown for the litters infected with MRV only ( p < 0.009). Although the difference varied somewhat for given days postinfection, the consistency of the finding is further noted by the nonsignificant interactive effect (treatment, day) reported.
Although the exact mechanism is unclear, binding of the ingested B. bifidlim strain to intestinal epithelial cells may be affecting reduction in virus shedding so that viral replication is decreased, cytopathic effect is altered, or viral attachment itself is impeded. Decreased shedding could also be a result of immune system effects, differences in number of infected cells, or changes in rate of viral release. More direct studies will be needed to assess the anaerobes adherent properties and whether B. bifidum is a mucosally active adjuvant at the level of the gut epithelium.
Daily supplementation with the B. b~\idlrrn strain revealed no adverse or toxic effects. The observed delay in acute diarrhea onset may bear important implications on mediating virus shedding and in preventing rotavirus diarrhea in animal and human hosts. Recovery for both groups of infected mice was somewhat influenced by the high dose of MRV inoculum given. Further experiments examining attenuation of clinical disease after augmented supplementation with B. b~fidum and lowered virus dose are needed.
The duration of diarrhea, clinical picture, and reduction in viral shedding in the intestinal epithelium is in keeping with previous animal and human studies (12, 20) . It is unlikely that the observed dissimilarities in the MRV-infected litters compared with B. bifidum-treated + MRV-infected litters could be explained by preexisting differences between the groups. The age 694 DUFFY ET AL. distribution of pups were preassigned before death and were therefore comparable for all treatment groups. Furthermore, weight and litter size were similar in both of the MRV-infected groups. Thus, none of these potential confounding influences explained the difference in the clinical picture at the acute and recovery phases of diarrhea presented in this report. It is well established that rotavirus has tropism for the epithelial enterocytes of the gut (2 1). Our findings tentatively suggest that B. biJidum may interfere with replication or attachment and uptake of virus through Peyer's patches. Alternatively, previous in vivo studies have demonstrated that human Peyer's patches are well developed early in fetal life, and yet it takes a few weeks after birth before activated lymphoid follicles appear in the intestine (22) . It is conceivable that priming the intestine with B. bifidum may be a mucosally active adjuvant to enhance gut immune responses against rotavirus antigen. Our preliminary data (unpublished) provides only weak evidence that B. bifidum treatment influenced IgA-and I~G-committed B-cell in this mouse model. Nevertheless, we speculate that augmented treatment with B. bifidum with lowered MRV challenge may influence permeation of MRV antigen through Peyer's patch lymphocytes, and proliferation of Ig-committed B-cell responses. Additional studies are needed, but our findings reported here are consistent with a previous report by our laboratories (23) suggesting a close relationship between the availability of MRV antigen in the lymphoid follicles at different locations in the gutassociated lymphoid tissues and development of a secretory IgA antibody response essential to clinical recovery.
The possibility that B. biJidum may be a mucosally active adjuvant is tenuously supported by the finding that it was difficult to induce serum anti-B. bifidum antibody in mice administered B. bifidum for 21 d. MRV-specific IgG antibody in serum, on the other hand, was shown in concurrent experiments to be detected after a single oral dose of murine rotavirus. Hence, it was demonstrated that B. bifidum was a weakly immunogenic antigen. Similarly, anti-B. bifidum IgA antibody in the intestinal wash was at higher detectable levels than in serum; nevertheless, it was hard to induce antibody, and the response remained at relatively low levels throughout the experiments. These results are in general agreement with another recently published report (10) indicating it is unlikely that B. bifidum produces hypersensitivity responses after ingestion of the organism in mice.
In summary, the findings presented in this report suggest that potential adherent or immunostimulating properties of ingested B. bijdum strains may offer alternative therapeutic approaches against infectious challenge by enteropathogens. More direct studies are needed to assess possible mechanisms by which this anaerobe can alter the course of MRV infection at the level of gut epithelium.
